Kynurenic acid (KYNA), an astrocyte-derived metabolite, antagonizes the a7 nicotinic acetylcholine receptor (a7nAChR) and, possibly, the glycine co-agonist site of the NMDA receptor at endogenous brain concentrations. As both receptors are involved in cognitive processes, KYNA elevations may aggravate, whereas reductions may improve, cognitive functions. We tested this hypothesis in rats by examining the effects of acute up-or downregulation of endogenous KYNA on extracellular glutamate in the hippocampus and on performance in the Morris water maze (MWM). Applied directly by reverse dialysis, KYNA (30-300 nM) reduced, whereas the specific kynurenine aminotransferase-II inhibitor (S)-4-(ethylsulfonyl)benzoylalanine (ESBA; 0.3-3 mM) raised, extracellular glutamate levels in the hippocampus. Co-application of KYNA (100 nM) with ESBA (1 mM) prevented the ESBA-induced glutamate increase. Comparable effects on hippocampal glutamate levels were seen after intra-cerebroventricular (i.c.v.) application of the KYNA precursor kynurenine (1 mM, 10 ml) or ESBA (10 mM, 10 ml), respectively. In separate animals, i.c.v. treatment with kynurenine impaired, whereas i.c.v. ESBA improved, performance in the MWM. I.c.v. co-application of KYNA (10 mM) eliminated the pro-cognitive effects of ESBA. Collectively, these studies show that KYNA serves as an endogenous modulator of extracellular glutamate in the hippocampus and regulates hippocampus-related cognitive function. Our results suggest that pharmacological interventions leading to acute reductions in hippocampal KYNA constitute an effective strategy for cognitive improvement. This approach might be especially useful in the treatment of cognitive deficits in neurological and psychiatric diseases that are associated with increased brain KYNA levels.
INTRODUCTION
Kynurenic acid (KYNA), a metabolite of the kynurenine pathway of tryptophan degradation, is an endogenous antagonist of the a7 nicotinic acetylcholine receptor (a7nAChR) and the N-methyl-D-aspartate (NMDA) receptor (NMDAR), two ionotropic receptors with wellestablished links to cognitive functions (Levin et al, 2006; Robbins and Murphy, 2006; Thomsen et al, 2010) . In mammals, KYNA is formed enzymatically by irreversible transamination of its direct bioprecursor, L-kynurenine ('kynurenine'). This process can be catalyzed by several distinct kynurenine aminotransferases (KATs), of which KAT-II is functionally best characterized in the brain (Guidetti et al, 2007a; Han et al, 2010) . Thus, KAT-II is preferentially localized in astrocytes (Guidetti et al, 2007b) , which readily release newly synthesized KYNA into the extracellular milieu for possible inhibition of a7nAChRs and NMDARs (Schwarcz and Pellicciari, 2002) .
Relatively modest elevations of extracellular KYNA, caused by direct application of kynurenine or KYNA itself, or by systemic kynurenine-3-monooxygenase (KMO) inhibition, have remarkable biological consequences. Microdialysis studies in the striatum and the prefrontal cortex of awake rats showed that exogenous application of KYNA in the mid-nanomolar range, that is, 2-5 times endogenous levels, reduces the extracellular concentrations of dopamine and glutamate (Amori et al, 2009; Carpenedo et al, 2001; Moroni et al, 2005; Rassoulpour et al, 2005; Wu et al, 2010) . Moreover, in the prefrontal cortex, nanomolar KYNA significantly decreases the amphetamine-induced stimulation of acetylcholine release (Zmarowski et al, 2009) . Interestingly, pharmacological inhibition of KYNA synthesis with KAT-II inhibitors (Amori et al, 2009; Wu et al, 2010; Zmarowski et al, 2009) or genetic KAT-II elimination (Wu et al, 2007) has the opposite effects, that is, decreased KYNA production raises extracellular dopamine, glutamate, and acetylcholine levels. These results suggest that endogenous KYNA serves as a functionally significant neuromodulator in the mammalian brain.
KYNA fluctuations may be especially consequential in the human brain, where KYNA levels are an order of magnitude higher than in rodents (Moroni et al, 1988; Turski et al, 1988) . Moreover, KYNA levels are significantly elevated in the brain and the cerebrospinal fluid of individuals with schizophrenia, and in the brain of Alzheimer's disease patients, raising the possibility that enhanced inhibition of a7nAChRs and NMDARs by KYNA has a causative role in the defining cognitive deficits seen in these diseases (Baran et al, 1999; Erhardt et al, 2001; Schwarcz et al, 2001) . Indeed, acute systemic administration of kynurenine or peripheral KMO inhibition not only leads to increases in brain KYNA (Carpenedo et al, 1994; Russi et al, 1992; Swartz et al, 1990) but also causes distinct cognitive impairments in experimental animals (Chess and Bucci, 2006; Chess et al, 2007; Erhardt et al, 2004; Shepard et al, 2003) . By contrast, we showed recently that chronic reduction of brain KYNA in KAT-II-knockout mice improves cognitive performance (Potter et al, 2010) . Notably, the latter study also included microdialysis in the hippocampus, a brain area critically implicated in several important aspects of cognitive processing and abundantly endowed with both a7nAChRs and NMDARs (Fabian-Fine et al, 2001; Monaghan et al, 1989; Morris, 2006) . Our data demonstrated that the reduction in basal KYNA levels in mutant mice was accompanied by elevated extracellular glutamate levels. This increase in glutamate might be causally related to the cognitive improvements seen in the KYNA-deficient animals (Robbins and Murphy, 2006) .
The possible pro-cognitive consequences of an acute reduction in hippocampal KYNA formation have not been examined so far. In addition, no data are currently available on the effects of raised KYNA levels on an animal's performance in the Morris water maze (MWM), a classic spatial learning and memory task involving the hippocampus and associated brain regions (Morris, 1984; Jo et al, 2007) . The present study was designed to fill this void using experimental rats. In separate animals, we re-assessed the effects of KYNA on extracellular glutamate levels in the hippocampus (Moroni et al, 2005) .
MATERIALS AND METHODS

Animals
Adult, male Sprague-Dawley rats (300-400 g) were used in all experiments. The animals were housed in a temperaturecontrolled facility at the Maryland Psychiatric Research Center. They were kept on a 12/12-h light-dark cycle and had free access to food and water. The facility was fully accredited by the American Association for the Accreditation of Laboratory Animal Care, and the experimental protocols followed the 'Principles of Laboratory Animal Care' (NIH publication no. 86-23, 1996) .
Chemicals
KYNA and glutamate were purchased from Sigma (St Louis, MO, USA). L-Kynurenine sulfate ('kynurenine'; purity: 99.4%) was obtained from Sai Adventium (Hyderabad, India). (S)-4-(ethylsulfonyl)benzoylalanine (ESBA) was synthesized as described by Pellicciari et al (2008) . Other chemicals were obtained from a variety of suppliers and were of the highest commercially available purity. For intracerebral injections, all test compounds were dissolved in sterile, phosphate-buffered saline (PBS).
Microdialysis
Rats were anesthetized with chloral hydrate (360 mg/kg, i.p.) and mounted in a David Kopf stereotaxic frame. A guide cannula (outer diameter: 0.65 mm) was positioned over the dorsal hippocampus (AP: À3.4 mm from bregma; L: 2.3 mm; V: 1.5 below dura) and secured to the skull with anchor screws and acrylic dental cement. On the next day, a microdialysis probe (CMA/10, membrane length: 2 mm; Carnegie Medicin, Stockholm, Sweden) was inserted through the guide, protruding vertically through the hippocampus. The probe inlet was connected to a microperfusion pump (CMA/100; Carnegie Medicin) set to a speed of 1 ml/min, and the freely moving animals were perfused with Ringer solution (pH 6.7) containing 144 mM NaCl, 4.8 mM KCl, 1.2 mM MgSO 4 , and 1.7 mM CaCl 2 . Thirty-minute fractions were collected for the duration of the experiment. The first sample was discarded and baseline values were collected during the next 2 h (four fractions), prior to the experimental intervention. Test compounds, dissolved in Ringer solution, were administered by reverse dialysis directly into the hippocampus.
Microdialysis data were not corrected for recovery from the dialysis probe.
I.c.v. Infusion
In preparation of an intra-cerebroventricular (i.c.v.) infusion, rats were anesthetized as above, placed in a stereotaxic apparatus, and implanted with a 22-gauge guide cannula that extended into the lateral ventricle (coordinates: AP: + 0.9 mm from bregma; L: 1.4 mm; V: 2.1 mm below dura). On the day of the experiment, test compounds or vehicle (PBS) were infused (10 ml in 5 min) through a 28-gauge injection needle that was inserted through the guide and extended 1.0 mm beyond the tip of the guide. Infusion was controlled by a CMA/100 microinfusion pump.
Where indicated, microdialysis was performed in the hippocampus contralateral to the i.c.v. infusion.
KYNA and Glutamate Determination
The content of KYNA and glutamate in microdialysate was determined according to established high-performance liquid chromatography (HPLC) procedures. Briefly, KYNA was measured following isocratic elution with a mobile phase containing 200 mM zinc acetate and 5% acetonitrile (pH 6.2), and detected fluorimetrically (excitation wavelength: 344 nm; emission wavelength: 398) (Shibata, 1988) . Glutamate (o-phthalaldehyde/2-mercaptoethanol derivatization; excitation wavelength: 390 nm; emission wavelength: 460 nm) was determined fluorimetrically after gradient elution (Quarta et al, 2004) .
Behavioral Testing
Animals were cannulated for i.c.v. infusion and were then given at least 5 days to recover from surgery. On the day of the experiment, vehicle (PBS) or test compounds were administered i.c.v. 90 min prior to behavioral testing.
The MWM was used to study spatial navigation and reference memory (Morris, 1984) . The maze pool was 180 cm in diameter, filled with 20-221C water made opaque with non-toxic white tempura paint, and surrounded by distinct extra-maze spatial cues. To habituate, each rat was allowed to navigate the pool for 120 s. On the first day of training, a hidden platform (10 cm in diameter, approximately 2 cm below water level) was placed in the NW quadrant and remained there across training trials (4 each day) and days (4 consecutive days). Each day, each rat was tested in four trials that were initiated at the NW, NE, SW, and SE quadrants, respectively. Start location was run in a counterbalanced order across trials and animals. Each animal was given up to 120 s to locate the hidden platform. Upon finding the platform, the animal was required to stay on it for 15 s. If an animal did not find the platform, it was gently guided to the platform location and made to stay on the platform for 15 s. The inter-trial interval was 120 s. On the fifth day, the hidden platform was removed. The animal was then given 120 s to navigate the pool, allowing us to test retention and spatial navigation strategy ('probe trial'). Immediately following the probe trial, each animal was tested again, with the platform made visible by a red flag and raised slightly above the water level ('visible trial'). This trial was used to monitor visual acuity and general sensorimotor capabilities. Behavior during all trials was recorded by using a Noldus EthoVision tracking system (Leesburg, VA, USA).
At the end of behavioral testing, 10 ml of a 1% cresyl violet solution were infused i.c.v. The animals were then killed and their brain was sectioned on a cryostat to verify the presence of dye in the ventricle. Only animals with proper placement of the guide cannula were included in the data analysis.
Statistical Analysis
Two-group comparisons were made using an unpaired Student's t-test. Three or more groups were compared by one-way ANOVA with appropriate post-hoc analysis. A two-way, repeated-measures (RM) ANOVA with appropriate post-hoc analysis (indicated in section Results or in the figure legends) was used to determine how a response was influenced by two factors. Statistical significance was defined as Po0.05.
RESULTS
Nanomolar KYNA Reduces Extracellular Glutamate Levels in the Hippocampus
In the first set of experiments, we tested whether KYNA, applied by reverse dialysis, would impact extracellular glutamate levels within the hippocampus. The basal level of extracellular glutamate, collated from all 46 rats undergoing hippocampal microdialysis in the course of the study, was 2.2±0.1 mM. Local perfusion of 100 nM and 300 nM KYNA caused dose-dependent reductions in glutamate, resulting in a nadir of 64% and 58%, respectively, of baseline levels after 2 h (Po0.05; n ¼ 5 per group; two-way ANOVA with Bonferroni's post-hoc analysis). Glutamate levels returned to basal values following the removal of KYNA from the perfusion solution. Perfusion with a lower concentration of KYNA (30 nM) failed to reduce extracellular glutamate levels ( Figure 1 ).
Reduction of KYNA Synthesis Enhances Extracellular Glutamate Levels in the Hippocampus
We next examined the effects of decreased KYNA formation on extracellular glutamate levels in the hippocampus. To this end, the specific KAT-II inhibitor ESBA was applied by reverse dialysis for 2 h and the concentrations of KYNA and glutamate were determined in the microdialysate. The basal level of extracellular KYNA, collated from all 21 rats undergoing hippocampal microdialysis for the measurement of KYNA in the course of the study, was 2.5±0.2 nM. ESBA dose-dependently reduced extracellular KYNA and increased extracellular glutamate levels (Figure 2a and b; n ¼ 4 per group; two-way ANOVA with Bonferroni's posthoc analysis). At the highest concentration used (3 mM), ESBA application caused a maximal reduction to 69% of baseline KYNA levels and a maximal increase to 333% of baseline glutamate values after 2 h (Po0.05 each). Both KYNA and glutamate levels gradually returned to baseline values after ESBA was removed from the perfusion solution.
In separate rats (n ¼ 5), ESBA (1 mM) was co-applied with 100 nM KYNA under otherwise identical experimental conditions. In these animals, extracellular glutamate levels did not differ to an important degree from baseline levels throughout the 2-h perfusion period (P40.05; Figure 2c ). Immediately following the infusion of ESBA + KYNA (ie, at the 2.5-h time point), glutamate levels reached a maximum of 114% of baseline values, but this elevation was not statistically different from baseline (P ¼ 0.41; Student's t-test). Moreover, the magnitude of this change was much less than the increase in glutamate levels seen with ESBA alone (cf. Figure 2b) . In other words, the ESBA-induced Figure 1 Dose-dependent effect of KYNA on extracellular levels of glutamate in the hippocampus. After 2 h of baseline collection, KYNA was applied intra-hippocampally for 2 h by reverse dialysis (bar). Data are expressed as a percentage of baseline (see Results for absolute value) and are the mean ± SEM (n ¼ 5 per group).
# and *Po0.05 vs baseline for 100 and 300 nM KYNA, respectively (two-way ANOVA with Bonferroni's posthoc test).
increase in extracellular glutamate could be neutralized by re-introducing a low concentration of KYNA into the extracellular milieu. These data corroborated causality between the reduction in KYNA neosynthesis and the increased concentration of glutamate measured in the microdialysate.
I.c.v. Infusion of Kynurenine or ESBA: Neurochemical Effects in the Contralateral Hippocampus
Fluctuations in extracellular glutamate levels in the hippocampus may affect cognitive processes (Richter- Levin et al, 1995) . In preparation of behavioral studies (see below), we therefore tested the neurochemical sequelae of acute increases or reductions in endogenous KYNA levels by infusing the bioprecursor kynurenine and ESBA, respectively, i.c.v. This route of administration was chosen to allow bilateral distribution of the test compounds and minimize tissue damage. Following the establishment of optimal treatment regimens (data not shown), solutions of kynurenine (1 mM) or ESBA (10 mM) were infused unilaterally (10 ml over 5 min), and microdialysis was performed concomitantly in the contralateral hippocampus to determine extracellular levels of both KYNA and glutamate.
Infusion of kynurenine caused a 346% increase in extracellular KYNA and a concomitant reduction in extracellular glutamate (nadir: 72% of baseline values) (Po0.05 each; n ¼ 4; two-way ANOVA with Bonferroni's post-hoc analysis). These effects were transient, and both KYNA and glutamate levels returned to basal levels by 4 h (Figure 3a) . Conversely, extracellular KYNA levels were reduced by a unilateral infusion of ESBA (nadir: 73% of baseline values), whereas glutamate levels simultaneously increased, reaching a maximum of 177% of baseline values (Po0.05 each; n ¼ 5; two-way ANOVA with Bonferroni's post-hoc analysis). These changes, too, were transient ( Figure 3b) .
We next investigated whether the increase in extracellular glutamate caused by an i.c.v. infusion of ESBA could be attenuated by normalizing KYNA levels. To this end, KYNA (10 mM) was co-applied with ESBA (10 mM) ('ESBA + KYNA'). Infusion of ESBA + KYNA did not affect extracellular glutamate levels in the contralateral hippocampus (Figure 3c ), indicating that the increase in extracellular glutamate caused by ESBA alone had been secondary to a reduction in KYNA levels.
Acute Elevation of KYNA Impairs Performance in the MWM
Next, we tested the effect of an acute KYNA elevation in the MWM. The data are shown as the average of the four trials (different start locations) for all animals (Figure 4a ). Compared with vehicle-treated controls, kynurenine treatment produced an overall significant effect on escape latency across days (F 1,22 ¼ 6.25, n ¼ 12 per group; Po0.05; two-way RM ANOVA). On days 2, 3, and 4 of training, kynurenine-treated animals significantly differed from the controls with respect to escape latency (Po0.05; post-hoc Student's t-test; Figure 4a ). The two treatment groups did not differ significantly in escape latency on day 1, and no significant differences were seen among individual trials on day 1 (Supplementary Figure 1) , suggesting that kynurenine treatment produced a learning deficit across days that was not driven solely by performance on the first day of testing. Retention of the newly learned task and spatial navigation strategy was assessed in one single probe trial 24 h after the last training session. Animals treated with kynurenine crossed the area formerly occupied by the platform significantly less frequently than vehicle-treated animals (control: 2.3±0.4, kynurenine: 1.2±0.3; Po0.05; Student's t-test) (Figure 4b ). Representative images of the swim paths of the controls and the kynurenine-treated animals during the probe trial are shown in Figure 4c . During the 120-s swim period in the probe trial, the kynurenine-treated animals also spent significantly less time in the target NW quadrant than the vehicle-treated controls (Supplementary Figure 2A ). The probe trial was further analyzed in 30-s epochs. This analysis revealed that kynureninetreated animals, compared with the vehicle-treated controls, spent significantly less time in close proximity to the former platform location during the first 30 s (Supplementary Figure 2B ). However, there were no significant differences between the two groups in subsequent 30-s epochs, suggesting that animals searched all quadrants unsuccessfully after not finding the platform within the first 30 s. Swim speed (control: 28.3 ± 1.6 cm/s, kynurenine: 28.9 ± 2.2 cm/s) did not differ significantly between the two groups. Furthermore, the escape latencies of the vehicle-and the kynurenine-treated animals did not differ on the visible trial, which was conducted immediately after the probe trial (control: 17.6±4.0 s, kynurenine: 14.7 ± 3.0 s), suggesting that kynurenine treatment did not cause gross visual deficits. Taken together, our data showed that elevating endogenous KYNA levels in the hippocampus impaired performance in a hippocampus-mediated learning and memory task.
Acute Reduction of KYNA Formation Improves Performance in the MWM
In separate animals, we tested whether inhibition of KYNA synthesis affects performance in the MWM. Compared with rats receiving vehicle, ESBA treatment produced an overall significant effect on escape latency across days (F 1,22 ¼ 5.64; n ¼ 12 per group; Po0.05; two-way RM ANOVA). Post-hoc analysis revealed a significant reduction in escape latency on days 1 and 2 in animals treated with ESBA (Po0.05; Student's t-test) (Figure 5a ). The difference on the first day of acquisition training was caused by the fact that the ESBAtreated animals improved across individual trials on day 1 (Supplementary Figure 3) . However, the two treatment groups did not differ significantly in the escape latency of the first trial (Supplementary Figure 3) , demonstrating that both groups began acquisition training with similar performance.
To assess retention and navigation strategy after 4 days of MWM training, a single probe trial was performed 24 h after the last training session. Animals treated with ESBA crossed the former platform location significantly more often than the vehicle-treated animals (control: 2.0±0.3, ESBA: 3.6±0.6; Student's t-test; Po0.05) (Figure 5b ). Representative images of the swim paths of the vehicle-and the ESBAtreated animals during the probe trial are depicted in Figure 5c . During the probe trial, the ESBA-treated rats also spent significantly more time in the target NW quadrant than the vehicle-treated animals (Supplementary Figure  4A) . Further analysis revealed that ESBA-treated animals, compared with vehicle-treated animals, spent significantly more time in close proximity to the former platform location during the first 30-s epoch (Supplementary Figure  4B) . However, there were no significant differences between the two groups in subsequent 30-s epochs, suggesting that animals searched all quadrants unsuccessfully after not finding the platform within the first 30 s. Furthermore, swim speed (control: 28.5 ± 1.1 cm/s vs ESBA 26.2 ± 1.3 cm/s) did not differ significantly between the treatment groups. Moreover, the escape latencies of the controls and the animals treated with the KAT-II inhibitor did not differ on the visible trial immediately after the probe trial (control: 12.9±2.3 s, ESBA: 14.7±2.4 s), indicating that ESBA did not cause any gross visual deficits. Thus, specific inhibition of KYNA synthesis in the brain acutely induced pro-cognitive effects in the rodents tested in the MWM.
Co-application of KYNA Neutralizes the Pro-cognitive Effects of KAT-II Inhibition
To test whether normalization of KYNA levels prevents the pro-cognitive effects of ESBA, ESBA (10 mM) and KYNA (10 mM) were jointly administered i.c.v. and performance in the MWM was compared with animals receiving i.c.v. ESBA only (n ¼ 12 for ESBA alone and n ¼ 11 for ESBA + KYNA). A new group of vehicle-treated animals was also tested in these experiments to serve as an internal control (n ¼ 12). A two-way RM ANOVA revealed a significant main effect of treatment (control, ESBA, ESBA + KYNA) (F 2,32 ¼ 4.74). Pairwise comparison confirmed our previous finding that ESBA significantly improved performance in the MWM (F 1,22 ¼ 4.99; Po0.05; two-way RM ANOVA). Co-application of ESBA and KYNA produced an overall significant effect on escape latency across days when compared with ESBA treatment alone (F 1,21 ¼ 7.60; Po0.05; two-way RM ANOVA). Post-hoc analysis revealed a significant increase in escape latency on days 1 and 2 in animals treated with ESBA + KYNA as compared with animals treated with ESBA alone (Po0.05; Student's t-test) (Figure 6a ). The animals treated with ESBA + KYNA did not, however, differ significantly with respect to escape latency across days, when compared with the vehicle-treated animals (F 1,21 ¼ 0.42; P40.05). The significant difference in escape latency on the first day of acquisition training was related to the fact that the ESBAtreated animals improved across individual trials on day 1 (cf. also Supplementary Figure 3) , whereas animals treated with ESBA + KYNA did not improve (Supplementary Figure 5) . Notably, the three treatment groups did not differ significantly in escape latency in the first trial, that is, all treatment groups began acquisition training with similar performance (Supplementary Figure 5) . Taken together, unlike animals treated with ESBA alone, rats treated with ESBA + KYNA did not show improved performance in the MWM. Thus, the pro-cognitive effect of ESBA could be traced to the compound's ability to reduce endogenous KYNA production.
Retention of the newly formed memory and spatial navigation strategy were assessed in a probe trial 24 h after the last training session. Animals treated with ESBA + KYNA crossed the location formerly occupied by the platform significantly less often than animals receiving ESBA alone (ESBA: 3.4±0.5, ESBA + KYNA: 1.5±0.3; Po0.01; Student's t-test) (Figure 6b ). With respect to platform crossings, the KYNA + ESBA-treated animals did not differ significantly from the vehicle-treated animals (control: 2.1 ± 0.3). Representative images of the swim paths of rats receiving ESBA + KYNA or ESBA during the probe trial are shown in Figure 6c . These images indicate that animals treated with ESBA + KYNA spent less time in the NW quadrant and around the platform location than animals treated with ESBA alone. On average, ESBA + KYNA-treated rats (similar to vehicle-treated animals) also spent less time in the target NW quadrant than animals treated with ESBA alone (Supplementary Figure 6A) . Further analysis revealed that animals treated with ESBA + KYNA spent significantly less time in close proximity to the former platform location during the first 30-s epoch of the probe trial when compared with ESBA-treated rats (Supplementary Figure 6B ). However, there were no significant differences between the three groups in subsequent 30-s epochs, suggesting that animals searched all quadrants unsuccessfully after not finding the platform within the first 30 s. Swim speed (ESBA: 29.6 ± 1.6 cm/s, ESBA + KYNA: 30.9±0.9 cm/s, control: 29.1±0.8 cm/s) did not differ significantly between the three groups. Finally, the escape latencies of animals in the three groups did not differ on the visible platform trial (ESBA: 15.2 ± 3.1 s, ESBA + KYNA: 16.0±2.6 s, control: 13.3±2.5 s), indicating that drug treatment did not cause gross visual deficits. Thus, normalization of KYNA levels returned performance in the MWM to that of vehicle-treated control animals.
DISCUSSION
We showed here that acute fluctuations in brain KYNA bi-directionally control extracellular glutamate levels in the rat hippocampus. We also established, in separate animals, that elevation in cerebral KYNA levels aggravates, whereas inhibition of KYNA formation improves, performance in the MWM, a well-established assay for spatial learning and memory. Using both chemical and behavioral endpoints, we then demonstrated that neither the rise in glutamate nor the cognitive improvement seen after the administration of the KYNA synthesis inhibitor ESBA were observed when the compound's effect was neutralized by the addition of exogenous KYNA. These results, taken together, demonstrate that up-and downregulation of endogenous KYNA in the brain acutely modulate hippocampal chemistry and function in vivo. Our findings confirm and extend reports of similar glutamate changes following KYNA manipulations in other forebrain regions (Carpenedo et al, 2001; Konradsson-Geuken et al, 2009; Wu et al, 2010) , and are also in line with experiments showing cognitive impairments following systemic administration of kynurenine, the immediate bioprecursor of KYNA (Chess and Bucci, 2006; Chess et al, 2007; Erhardt et al, 2004; Shepard et al, 2003) . Most importantly, the present data provide the first demonstration that the cognitive improvement seen in animals with genetic, that is, chronic, elimination of KAT-II (Potter et al, 2010) can be duplicated by acute, specific KAT-II inhibition.
Originally introduced as a nonspecific, 'broad-spectrum' antagonist of ionotropic excitatory amino-acid receptors at high micromolar concentrations (Perkins and Stone, 1982) , KYNA is now known to specifically target the glycine coagonist site of the NMDAR (Kessler et al, 1989 ) and the a7nAChR (Hilmas et al, 2001) at concentrations that are much closer to ambient brain levels. Although endogenous KYNA can also activate the G-protein-coupled receptor GPR35 (Cosi et al, 2010; Wang et al, 2006) , inhibition of a7nAChRs and, possibly, NMDARs appears to be the primary physiological function of extracellular KYNA in the mammalian brain (see below). As both a7nAChRs and NMDARs are critically involved in many important physiological functions, including cognitive processes (Bannerman et al, 2006; Levin et al, 2006; Robbins and Murphy, 2006; Thomsen et al, 2010) , and also have a role in the etiology of neurodegenerative and other catastrophic brain diseases (Kalia et al, 2008; Kantrowitz and Javitt, 2010; Martin and Freedman, 2007; Mudo et al, 2007) , detection of KYNA in the mammalian brain (Moroni et al, 1988; Turski et al, 1988) immediately suggested an important role of the metabolite in both physiology and pathology (Pereira et al, 2002; Schwarcz et al, 1992) . The idea was reinforced by the discovery of specific mechanisms controlling KYNA synthesis in the brain (Gramsbergen et al, 1997) and, in particular, by reports of abnormal KYNA levels in nervous tissue and body fluids in a host of neurological and psychiatric disorders (for review see Chen et al, 2009; Nemeth et al, 2005) . Several of these diseases, including schizophrenia (Erhardt et al, 2001; Schwarcz et al, 2001) , depression (O'Connor et al, 2009; Raison et al, 2010) , and Alzheimer's disease (Baran et al, 1999) , also show distinct hippocampal pathology, which is likely responsible for many of the defining cognitive deficits (Barnes et al, 2009; Scheff and Price, 2006; Tamminga et al, 2010) . It remains to be seen, however, whether and how anomalies in KYNA metabolism or function might be causally involved in the pathological processes.
In vivo studies in experimental animals, as well as work using cells or tissue slices in vitro, revealed that the irreversible transamination of kynurenine to KYNA in the brain can be catalyzed by four KATs (Guidetti et al, 2007a; Han et al, 2010) . Although several of these enzymes may participate in cerebral KYNA biosynthesis under physiological and pathological conditions, it appears that the pool of KYNA that can be most readily mobilized in the brain is largely provided by KAT-II (Amori et al, 2009 ). This enzyme is almost exclusively localized in astrocytes (Guidetti et al, 2007b; Guillemin et al, 2001) , which rapidly liberate newly synthesized KYNA into the extracellular milieu (Curatolo et al, 1996; Guillemin et al, 2000) . Although the precise mechanism controlling the release of KYNA has not been elucidated, this insight led to the development of specific KAT-II inhibitors, which are designed to target astrocytes and reduce extracellular KYNA concentrations. From the outset, these agents were not only viewed as tools to study the neurobiology of KYNA, but were also appreciated for their potential therapeutic applications (Schwarcz and Pellicciari, 2002; Varasi et al, 1996) . ESBA, which was used in the present study, was introduced as the first specific KAT-II inhibitor in 2006 (Pellicciari et al, 2006) .
The fact that intracerebral application of kynurenine and ESBA, respectively, up-and downregulated KYNA production in the hippocampus, is consistent with previous studies in other regions of the rat brain (Amori et al, 2009; Speciale et al, 1990; Zmarowski et al, 2009) . Also in agreement with published studies (Konradsson-Geuken et al, 2009; Wu et al, 2010) , we found that these manipulations have secondary effects on extracellular glutamate in the hippocampus. We did, however, fail to confirm the report that extracellular glutamate is not reduced following intra-hippocampal KYNA infusion (Moroni et al, 2005) . This indicates that modulation by KYNA may constitute an additional general mechanism by which astrocytes influence glutamatergic neurotransmission in the brain (Hamilton and Attwell, 2010; Hertz and Zielke, 2004; Parpura and Zorec, 2010) .
Both anatomical and pharmacological studies suggest that the bidirectional effects of KYNA on glutamate in the hippocampus involve a7nAChRs as a primary target. Thus, the extracellular levels of KYNA attained in the present study were in the low-to-mid-nanomolar range, sufficient to inhibit a7nAChRs (Hilmas et al, 2001 ) but less likely to reach the concentrations required to inhibit NMDARs directly (Kessler et al, 1989; Parsons et al, 1997) . In the hippocampus as elsewhere (Albuquerque et al, 2009) , a7nAChRs are prominently associated with nerve terminals, where they can be targeted to modulate glutamate release (Fabian-Fine et al, 2001; Gray et al, 1996; Lagostena et al, 2008) . a7nAChR agonists enhance, whereas a7nAChR antagonists reduce, the release of glutamate into the extracellular compartment (Barik and Wonnacott, 2006) . Therefore, although a primary effect of KYNA on NMDARs cannot be ruled out based on our present results, we propose that the reductions and elevations of extracellular glutamate described here are caused by fluctuations of endogenously produced KYNA acting through a7nAChRs.
Activation of a7nAChRs, like activation of NMDARs, increases the performance of experimental animals in the MWM (Duffy et al, 2008; Meyer et al, 1997; Riekkinen and Riekkinen, 1997; Timmermann et al, 2007; Wallace et al, 2011) , a task that is extensively used to test hippocampusdependent spatial navigation and reference memory in rodents. On the other hand, reduced activity of either of these two receptors causes cognitive deficits in this paradigm (Boess et al, 2007; Curzon et al, 2006; Morris, 2006; Wallace et al, 2011) . More generally, treatment of experimental animals with glutamate receptor antagonists impairs performance in a variety of cognitive tasks (Ahlander et al, 1999; Hauber and Schmidt, 1989; Karasawa et al, 2008; Venable and Kelly, 1990) , whereas endogenous or exogenous glutamate receptor agonists promote cognitive performance (Clem et al, 2008; Lynch et al, 2008; Singer et al, 2010) . Although definitive confirmation will require further experimentation and additional brain areas may well be involved (Jo et al, 2007) , the present findings suggest that the cognitive impairment caused by elevated KYNA was likely related to reductions in extracellular glutamate in the hippocampus, and that the cognition-enhancing effects of ESBA were the result of elevated extracellular glutamate.
We demonstrated recently that genetic elimination of KAT-II, that is, a chronic reduction in KYNA production, too, causes an elevation in extracellular glutamate levels in the hippocampus. These KAT-II-knockout mice also showed enhanced cognitive abilities and showed increased hippocampal long-term potentiation, providing the first proof-of-concept that a reduction in endogenous KYNA boosts cognition and synaptic plasticity (Potter et al, 2010) . In turn, our present results are the first to reveal a similar effect after an acute decrease in endogenous KYNA levels. Notably, this concept has recently stimulated the development of second-generation KAT-II inhibitors, which have shown promising pro-cognitive effects in preliminary studies (Abbott et al, 2010; Chapin et al, 2010) .
In summary, the present findings indicate a close association between endogenous KYNA, glutamate, and cognitive performance, and suggest that pharmacological agents that inhibit KAT-II activity in the brain may rapidly enhance cognitive abilities. This targeted approach may constitute an effective, novel strategy to improve cognition not only under normal physiological conditions but also in diseases that are associated with cognitive dysfunctions.
